Spectrum sensing is an important aspect of cognitive radios. This paper describes a method for spectrum sensing based 12 on the autocorrelation of the received samples. The proposed method was evaluated by means of experiments wherein the 13 probabilities of detection and false alarm at different signal-to-noise ratios (SNRs) were observed. The platform used for 14 the experiments was a set of Universal Software Radio Peripheral TM (USRP™) devices acting as radio frequency front 15 ends in combination with GNU Radio software. Since the signal processing was performed in the software domain, 16 Gaussian noise of different levels was emulated by changing the standard deviation of a Python random number 17 generator. In addition, the output power of a signal generator was varied to obtain different levels of SNR. A metric 18 called the Euclidean Distance was derived to analyze the autocorrelation of the samples received by the USRP™ device in 19 order to decide between two possible situations: only noise present or signal plus noise present. The proposed method was 20 compared with two methods: one based on the value of the autocorrelation at the first lag and another one based on the 21 power of the signal, known as energy detection spectrum sensing technique.
found that these two methods performed poorly in the practice because the autocorrelation of the noise samples is 3 88 3. Methodology 89 90
1 Mathematical Background

92
Spectrum sensing is essentially deciding between two states: signal absent or signal present. In the technique 93 described herein, the autocorrelation of the received signal samples is analyzed to decide between two hypotheses: 94 0 , signal is absent, or 1 , signal is present. In equations (1) and (2), the received samples are denoted as , the 95 primary user signal as and the noise as ; the argument n denotes the n th sample. Although the transmitted 96 and received signals are continuous, throughout this paper the signal is treated as discrete, since the receiver takes 97 discrete samples of the signal. 
108 where E represents the expectation, and the superscript T represents the transpose.
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The matrix 
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We calculated the autocorrelation of the samples by means of the expression 
133
the power of which we adjusted to vary the signal-to-noise ratio (SNR) level. We emulated the absence of PU by 134 turning off the signal generator. To emulate the Gaussian noise we generated random numbers by means of a represents the emulated noise as Sim  . We used a radiofrequency cable between the signal generator and the USRP 137 unit in order to reduce external co-channel interference and noise. We used a USRP® model N200 unit as receiver
138
[23]. A USRP is a radiofrequency front end that interfaces the radiofrequency domain with the binary domain,
139
where the signals pass through a software implemented digital signal processor. 
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In our experiments we expected () l  to be a delta-dirac function in absence of signal; however, that was not the 
194
Fig. 5 (Fig. 5a and Fig. 5b) shows the normalized values of the Euclidean Distance and ACF(1) with respect to SNR
195
for different values of the standard deviation of the emulated noise Sim  . Fig. 5a shows that the Euclidean distance 196 exceeding a certain threshold indicates the absence of signal ( 0 ), whereas when it falls below that threshold, it 197 indicates presence of signal ( 1 ). Fig. 5a shows that at very low levels of SNR (-30 dB to -25 dB), the Euclidean 198 distance reaches 1, its maximum. As the SNR increases 
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To evaluate the impact of the number of samples on the performance of the method, we ran experiments with 212 different numbers of samples, and observed the changes in the probability of detection with varying levels of SNR.
213 Fig. 6 (Fig.6a and Fig.6b) shows that when the number of samples increases, the probability of detection increases To evaluate the impact of the threshold selection on the performance of the method, we ran experiments with 220 different thresholds for both methods and calculated the P d for varying levels of SNR. Fig. 7 (Fig.7a and Fig. 7b )
221
represents the change in probability of detection with respect to SNR for different thresholds for both the Euclidean 222 distance and the ACF(1) methods. Fig. 7 shows that the best threshold for the Euclidean distance method is 0.95 and 223 for the ACF(1) method is 0.1. By best threshold we mean the one that allows the sensing method to yield the 
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The results shown by Fig. 9b imply that the probability of detection (P d ) for the auto-correlation method is low at a 233 negative levels of SNR, but consistently attains 100% P d at around 0 dB, whereas the energy detection method 234 attains the same at -5 dB. Comparing the simulation results with those of the real experiments ( Fig. 9a) , it is 235 apparent that the energy detection achieves a P d of 100% at -8 dB, whereas the ACF(1) method (i.e., the auto-236 correlation counterpart of the simulation) achieves the same at -6 dB, showing a better detection performance at 237 levels of SNR -5dB to -8dB lower than the one of the simulation. The Euclidean distance method (labeled as 238 "Distance" in figures 9 and 10) shows better performance than the ACF(1) method regarding the probability of 239 detection. The Euclidean distance method has proven to be more effective than the ACF(1) method by having a SNR 240 gain of 4 dB for a given SNR. 247 Fig. 10 shows that according to real experiments ( Fig. 10a ) and simulations (Fig. 10b) , the methods based on 248 autocorrelation perform better that the energy detection method regarding the probability of false alarm. Both 249 graphs show that in the case of the energy detection method the probability of false alarm is around 50 %, whereas 250 in the case of the autocorrelation based methods is approximately 0.
251
Conclusion
252
Experiments and simulations showed that the Euclidean Distance method proposed herein is more efficient than the 253 ACF(1) method in terms of probability of detection and false alarm, and more efficient than the energy detection 254 method in terms of probability of false alarm. Future work includes characterization of the type of noise introduced 255 by the USRP device, application of the method to scanning several channels in order to estimate their utilization 256 level, and measurement of the speed of the method. 
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